Abstract. Injury to the brain appears to create a fertile ground for functional and structural plasticity that is, at least partly, responsible for functional recovery. Increases in dendritic arborization, spine density, and synaptogenesis in both peri-injury and intact cortical areas are the potential morphological strategies that enable the brain to reorganize its neuronal circuits. These injury-initiated alterations are time-dependent and frequently proceed in interaction with behavior-related signals. A complex concert of a variety of genes/proteins is required to tightly control these changes. Two broad categories of molecules appear to be involved. First, regulatory molecules or effector molecules with regulatory function, such as immediate early genes/transcription factors, kinase network proteins, growth factors, and neurotransmitter receptors, and second, structural proteins, such as adhesion molecules and compounds of synapses, growth cones, and cytoskeleton. A better understanding of the processes contributing to postinjury plasticity may be an advantage for developing new and more effective therapeutic approaches. This knowledge might also shed light on other forms of brain plasticity, such as those involved in learning processes or ontogeny.
INTRODUCTION
During the final decades of the nineteenth century a "localizationist" view of brain function emerged in the neurosciences. According to this perspective, the adult human brain was thought to be comprised of discrete neuronal clusters that control distinct functions. Based on the view that cortical and subcortical connections are hardwired and static, it was assumed that damage to the brain would result in permanent loss of function. Longlasting clinical observations showed, however, that return of function after a lesion in brain often takes place. The inconsistency between such improvement and the "localizationist" concept shaped later the "antilocalizationist school," which proposed the existence of parallel processing mechanisms that can assume responsibility for the functions of damaged areas. Additionally, some researchers tried to explain the recovery through resolution of local pathophysiology. Aside from a few auspicious studies dealing with plastic changes of the postlesional immature brain, such as one carried out by Soltmann in the late-nineteenth century (1) , no considerable attention was paid to the concept of brain plasticity until almost the second half of the twentieth century when, in 1949, a study by Hebb suggested that cortical neuronal connections can be remodeled by experience (2) . In the ensuing years the interest in this topic grew. In particular, reorganization of adult brain as a consequence of behavioral experience received increased attention. Over the last decade, substantial evidence has been also provided for plasticity changes triggered by injury. In humans, neuroimaging techniques have led some investigators to suggest that recovery of lost function, despite a persistent structural lesion, can be accompanied by complex patterns of cerebral reorganization (Fig. 1A) . Many studies in animal models have deepened knowledge about the possible mechanisms of these alterations. Displacement and expansion of cortical maps, recruitment of parallel and subcomponent pathways, altered efficacy of synaptic activity, neosynaptogenesis, dendritic or axonal sprouting, and neurogenesis are now believed to be part of the brain's adaptive strategies (3, 4) . Additionally, the adoption of alternative motor strategies by learning tricks of function that allow considerable compensation can lead to dramatic improvement in outcome (5) .
This review will describe some of the morphological and molecular changes that are thought to underlie plasticity in adult brain after acute injury caused by ischemic lesions or mechanical insults. The impact of behavior on postlesional structural changes is briefly discussed. Further, the parallels between molecular changes after a lesion and those occurring in an experience-dependent manner without a lesion are addressed.
The vast majority of data reviewed here refer to experimental models in rodents. Only a very few reports are based on studies on other species. Plasticity changes associated with chronic degenerative processes (e.g. Alzheimer or Parkinson disease) are excluded.
Structural Events
Ischemic or focal traumatic damage to the cortex can initiate a number of neuronal and astrocytic structural events that may be linked to compensatory plasticity. Events in the injured hemisphere have rightly received the most attention. However, the so-called intact hemisphere opposite the injured side also appears to contribute to reactive plasticity and functional outcome, guided by motor experience.
Studies indicate that the structural changes occurring in the non-injured sensorimotor cortex may be similar to that of remaining tissue of the injured cortex, but can differ dramatically in magnitude and temporal characteristics. The events in the intact hemisphere typically come on line according to a unique time sequence depending on the size, type, and speed of injury, with the earliest being gliosis and expression of growth factors, followed by dendritic arborization and, finally, synaptogenesis (Fig. 1B-D) . For electrolytic injury or a lesion caused by middle cerebral artery occlusion (MCAO), but not necessarily for suction ablation, a remarkable increase in dendritic arborization in Layer V pyramidal neurons occurs, peaking within the first 2 to 3 wk, after which there is a pruning of the dendrites while spine density increases and synaptogenesis occurs (3). Jones and colleagues have shown by electron microscopy (EM) that the extent of the active zone of synapses expands, along with the numbers of multiple axodendritic synapses and of discontinuous postsynaptic receptors (so-called perforated synapses, Fig. 1D ) (6) . These types of synaptic changes are reminiscent of what has been observed by others as a consequence of intermittent electrical stimulation leading to long-term potentiation (LTP) in the hippocampus. LTP is a well-studied model of learning and memory, and the phenomenon and its structural correlates at the EM level are known to be activity-related (7) .
The leading view of investigators today is that many of the neural events essential to plasticity rely on a tightly controlled interaction between injury and behavior-related signals. As noted above, animals with functional deficits must learn to adopt alternative motor strategies, or "tricks," after injury to be able to compensate adequately (5) . Many of these compensatory strategies may shape events in both the damaged and intact cortex, and in turn may benefit from the resulting structural changes so that behavioral strategies are enhanced. With time and experience, the constant back and forth interplay between behavior and brain may provide a rich source of improvement in functional outcome, although with a price, as will be discussed later. trolytic lesion to the forelimb area of the sensorimotor cortex in adult rats induces synaptogenesis in the homotopic contralateral cortex. Electron microscopy image shows an axon-multiple-spine bouton forming synapses with 2 dendritic spines (arrows), one of which is perforated (open arrows). These types of synapses are increased after injury, LTP, or housing in enriched environments. Micrograph courtesy of Dr. Theresa A. Noting that dendritic arborization and synaptogenesis appear to be derived from (and drive) new motor learning, both of which seem to be enhanced by injury, Jones et al examined movement details after brain damage parallel to anatomical changes (8) . In addition, motor behavior was directly manipulated at different postinjury time points (9) . Because animals with damage to the sensorimotor cortex are rendered partially hemi-paretic, with long-term preferential use of the intact forelimb and hindlimb for complex movements, it was hypothesized that the structural events in the intact cortex (which corresponds to the intact extremities) may depend on behavioral demand. As the non-impaired forelimb is used increasingly to improve overall performance, dendritic arborization, spine density, synaptogenesis, and task-related synapse selection may be enhanced, thus possibly hardwiring the motor programs. Indeed, the arborization of Layer V pyramidal neurons in the forelimb area of the sensorimotor cortex can be blocked altogether by partially immobilizing the so-called "crutch" forelimb during the first few weeks after injury. Moreover, if instead the impaired forelimb is immobilized, the arborization in the intact hemisphere is not blocked, but the Layer V neurons remaining in the tissue surrounding the injury become less branchy, slowing recovery of function in the impaired forelimb. There appears to be a sensitive period after the injury when behavioral demand is most essential, because later immobilization of the limbs has little effect. As in development, when neurons are growing and searching paths in a sea of trophic factors to generate new circuits, behavioral events guide plasticity.
It therefore appears that brain injury may permit surviving tissue to promote conditions that favor structural change, which also enables the animal to behave more effectively despite the impairments sustained. Enriched environments (e.g. cages with various items stimulating motor activity and social interaction) (10) and motor training procedures (8) lead to an even greater degree of arborization (Fig. 1B, C) and synaptogenesis, which is associated with improved functional outcome in highly complex motor tasks.
It is important to point out that although complete nonuse of the impaired forelimb has devastating consequences on structural events as well as on motor maps associated with motor function (4, 11), intense physical therapy beginning during the first week after ischemic or traumatic focal injury can tax remaining tissue in that hemisphere so severely that there is delayed extensive cell death or use-dependent exaggeration of injury (12) . Thus, both complete rest and excessive motor demand shortly after injury seem to be contraindicated.
Contrary to previous beliefs, the adult nervous system seems to be able to generate new neurons (13) . There is increasing evidence suggesting that progenitor cells in the ipsilateral (14) and even contralateral (15) subependymal zone, a thin layer of cells that surrounds the lateral ventricle, produce new neuronal and glial cells after injury. Thus, it appears that in addition to the mechanisms discussed above, neurogenesis might also contribute to functional recovery.
Molecular Events
It is widely believed that orchestrated regulation of a variety of genes and their protein products, precisely tuned by spatial and temporal variations of their expression, is necessary for plastic changes in lesioned brain. Regardless of the detection method used-from traditional molecular biology working on 1 gene in 1 experiment to modern high density microarray techniques monitoring several thousands of genes on a single chip-the picture that we obtain remains a "snapshot" compared to the highly dynamic processes of plasticity. Seamless joining of these "snapshots" to the complete story is hampered partly because of many unknown molecules have yet to be identified. Furthermore, many of these genes/proteins are unfortunately likely to be expressed in such small amounts that are beyond the detection level of currently available technologies. The story is additionally clouded by the variation of detected genetic responses, presumably based on the multitude of animal models that have been used. Another major obstacle is the difficulty in dissociating molecular changes leading to plasticity from those associated with immediate pathophysiology of injury.
Without dismissing these restrictions, the goal of this review is to give an overview of the most important molecules that are possibly/probably involved in plasticity processes after a lesion in mature brain (Table) . Genes with ambiguous function are discussed as such. To ensure a high confidence level in the data reviewed here, we report only on those molecules that have been cross-validated in independent laboratories.
Immediate Early Genes (IEGs)/Transcription Factors
One of the earliest genetic responses of brain to injury involves increased transcription/translation of different immediate early genes (IEGs), including Fos, Jun (with several known members: c-Fos, c-Jun, JunB) and zinc finger transcription factors (NGF1-A, NGFI-B, NGFI-C, krox-20). Many reports using different models of focal cerebral ischemia have shown upregulation of different members of Fos and Jun, as well as zinc finger transcription factors in the entire ipsilesional hemisphere outside the lesion area within 24 h (16, 17) . In the contralesional homotopic cortex, NGFI-B transcript was found to be induced 10 days after a circumscribed ischemic lesion (18) . Johansson et al reported also a delayed induction of c-fos and NGFI-B in the opposite hemisphere in a model of focal cerebral ischemia (19) . (20) . These molecules stand at the beginning of a cascade of molecular changes with variable target pathways. Therefore, there is no sweeping answer to the question of whether IEGs contribute to degenerative or recovery processes in brain after damage. Yet some of them, particularly those with spatial and temporal distance from the injured area, are very likely to be plasticity-related.
Activity-regulated cytoskeleton-associated protein (Arc) is an IEG that is upregulated both in the first 24 h in the ischemic hemisphere in a MCAO model (21) and days later in the contralesional side of a photothrombotic lesion (18) . Arc seems to play a role in activity-dependent plasticity of dendrites (22) . The localization to dendrites suggests its function as an effector molecule rather than a transcription factor. As a component of the neuronal cytoskeleton, Arc is possibly involved in structural alterations underlying neuronal plasticity.
cAMP-response element binding protein (CREB) is a constitutively expressed transcription factor. Phosphorylation of CREB is one of the most important transcriptional mechanisms. The phosphorylation can be mediated by processes such as increases in cAMP, calcium-calmodulin-dependent-kinase (CaM kinase), or mitogen-activated protein kinase (MAP-kinase) (20) . Immunohistochemical studies have shown an enhancement of expression and phosphorylation of CREB within the first 48 h after focal ischemia (MCAO) in intact areas of the lesioned hemisphere. A moderate enhancement was also detectable in the opposite non-ischemic cortex (23) . A more recent study reports on a sustained (2 wk postlesion) increase of phosphorylated CREB in a model of focal ischemia in corpus callosum (24) . In our own experiments we could also show a contralesional induction of CREB transcript 10 days after a photothrombotic lesion in rat cortex (18) . CREB's activation has been implicated in the signaling pathway of a number of known neuroprotective agents, including insulin-like growth factor, estrogens, brain-derived neurotrophic factor, and neuronal cell-adhesion molecule, and it is believed to play a pivotal role in programmed cell survival (25) . Furthermore, CREB seems to play a central role in memory storage (26) and use-induced plasticity (27) . These combined results suggest that CREB might be a key player in both neuronal survival and neuronal plasticity after lesion.
The role of transcription factor nuclear factor kappa-B (NF-KB) in the postischemic brain is controversial. Some studies show a decrease and others an increase of the DNA binding activity of this transcription factor (28) . Even if evidence for its involvement in synaptic plasticity in normal brain is increasing (29) , its role in postlesional plasticity has yet to be determined.
Kinase Network Molecules
Upregulation of mitogen-activated protein kinase (MAP kinase) has been shown within a few hours after focal (MCAO) ischemia in brain (30) . Interestingly, this activation was seen in the surviving nuclei and dendrites of dentate gyrus, but not in the dying CA1 neurons. An upregulation of MAP kinase transcript could be also detected 10 days after an ischemic lesion of rat motor cortex in the homotopic cortex area (18) .
Calcium/calmodulin-dependent protein kinase (CaM kinase) is another key player in the kinase network. One hundred days after ischemic damage to the hippocampus an enhancement of this protein was detected in the survived CA1 pyramidal neurons as well as in the mossy fiber terminal area (CA3) (31) . However, the immunoreactivity for this protein was initially (at least up to 12 h postlesion) decreased in the same areas (32) .
CaM kinase (33) and MAP kinase (34) seem to be involved in signal transduction pathways leading to protection of neurons from programmed cell death and excitotoxicity, respectively. Numerous studies over the past decade have additionally established the role of MAP kinase and CaM kinase (via protein phosphorylation) in modulation of synaptic efficiency/plasticity through a signaling pathway in which other molecules (e.g. CREB, neurotrophins, and neurotransmitter receptors) are involved (26) . It is therefore suggestive that at least the late or distanced upregulation of these proteins provide remodeling of neuronal circuits rather than neuroprotection.
Neurotransmitter Receptors
Glutamate receptors are divided into 2 distinct families, ionotropic (ligand-gated ion channels) and metabotropic (G-protein coupled) receptors. The ionotropic receptor family includes N-methyl-D-aspartate, NMDA (NMDAR1,2), α-amino-3-hydroxy-5-methylisoxazol-4-propionic acid, AMPA (GluR1-4), and kainate (GluR5-7, GluR KA1,2) subtypes. The metabotropic receptor family is divided into 3 subtypes: group I (mGluRl,5), group II (mGluR2,3), and group III (mGluR4, 7, 8) .
Global ischemia induces downregulation of GluRl, GluR2, and GluR3 transcripts by 24 h and up to at least 7 days in the hippocampus (35) . A widespread (ipsilesional and contralesional) and sustained (up to 30 days) upregulation of NMDA receptor binding has been also shown after focal ischemia in both MCAO (36) and photothrombotic lesion (37) . In contrast, no significant changes in AMPA and kainate receptors were found (36) .
Different members of mGluRs appear to be regulated in the postlesional brain. Within 24 h following global ischemia, mGluR4 was increased and mGluR 1,2,5 were decreased in the hippocampus (38) . In contrast, shortly (24 h) after a small ischemic lesion in the motor cortex mGluR3 transcript was suppressed in the vicinity of damaged area, whereas later, on day 7, a decrease of mGluR2 can be detected both ipsilaterally as well as in the contralateral homotopic cortex area (39) .
The role of glutamate receptors after lesion in brain is not thoroughly understood. Different members of these receptors are believed to contribute to cell death through glutamate mediated Ca 2+ influx. A rise in [Ca 2+ ] is thought to initiate a cascade of events leading to cell death, including activation of proteases and endonucleases, generation of free radicals, and induction of apoptosis (40) . Although calcium influx could be hazardous for neuronal cells, it is also necessary for physiological functioning, such as cellular cascades that trigger both long-term potentiation (LTP) and long-term depression (LTD). The crucial role of NMDA (41), AMPA (42), kainate (43) , and metabotropic receptors (44) in plasticity-associated processes has been shown in different studies. Hence, it seems likely that specific mechanisms must exist to control the balance between excitotoxicity and neuroplasticity, both modulated or mediated by glutamate receptors. It is intriguing to speculate that the interplay of different members of these receptors, dependent on their spatial and temporal expression pattern, has a decisive role in this context.
A bi-hemispheric downregulation of γ-aminobutyric acid (GABA) receptor binding has been reported after focal and global ischemia (36, 45) . In accordance with suppression of this inhibitory system (together with increment of excitatory NMDA receptor activity), an increase in excitability in regions close and remote (contralateral) to lesion has been found. It has been hypothesized that this hyperexcitability might enhance the ability of brain for functional and structural adaption after lesion. The postlesional facilitation of LTP found by Witte et al supports this hypothesis (46) . Nevertheless, much work is still required to comprehend the precise role of excitatory and inhibitory receptors in postlesional brain. In particular, the role that they play in concert with each other is still elusive.
Growth Factors/Receptors
An early induction (at 1-16 h) of brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), and tyrosin kinase B receptor (TrkB) in the entire ipsilateral hemisphere after MCAO has been reported (16, 47, 48) . In one of these studies, BDNF and Trk B were also upregulated in the contralesioned hippocampus (48) . Furthermore, NGF (at 12 h) and BDNF (at 48 h) were induced and NT3 was decreased in bilateral hippocampi after global ischemia (49) . A sustained increase (up to 14 days) of NGF has been also shown in ipsilesional as well as contralesional hemisphere in ischemic brain (50) . An increase of other neurotrophic factors has been reported at the site of lesion, including basic fibroblast growth factor (bFGF) up to 2 wk (51), glial cell-derived neurotrophic factor (GDNF) up to 3 days (52), platelet-derived growth factor (PDGF) up to 7 days (53), insulin-like growth factor (IGF) up to 1 month (54), and transforming growth factor-betal (TGF-1) up to 3 months (55) , and in the case of IGF (54) and bFGF (3) also in the opposite hemisphere. Furthermore, an early (24 h-3 days) upregulation of neuropilin-1 and-2 (class III semaphorin and vascular endothelial growth factor receptors) in the core of an ischemic lesion and a late (3 days up to at least 7 days) induction in neurons, astrocytes, and vessels surrounding the infarcted tissue has been detected (56) .
Neurotrophic factors differ in their modes and sites of expression in injured (and also in normal) brain. This can be partly alleged through their specific role in promoting survival in distinct population of neurons and further because of the varying role that they may play in different postlesional phases. They are believed to be involved in neuroprotective signal transduction systems by inducing calcium-regulating proteins (e.g. glutamate receptors, Ca 2+ -binding proteins, and Ca 2+ channels) and antioxidant enzymes, such as catalase or glutathione peroxidase. They are also proposed to play a role in the neuroprotection of specific neuronal populations by suppressing the expression of "suicide genes" which, when activated, promote apoptotic processes (57) . And last but not least, beyond their role as permissive survival factors, they seem to mediate important forms of functional and structural plasticity not only during development but also in adult brain. The best-studied neurotrophic factors in this field are neurotrophins, which are believed to modulate synaptic transmission and neuronal excitability, as well as structural changes, such as axonal branching, dendritic arbors, or synapse numbers (58) .
Tumor necrosis factor-α (TNF-a) and 3-amyloid precursor protein (β-APP) are also believed to have neuroprotective effects through stabilization of Ca 2+ homeostasis and triggering antioxidant enzymes (57) . Early induction (at 6 h) of TNF-a in both hemispheres (59) and late increase (at day 7) of P-APP (60) in lesioned hemisphere is reported after occlusion of MCA. TNF-a (29) and β-APP (61) seem to be involved in synaptic plasticity processes, such as long-term potentiation and depression, via activating the transcription factor NF-KB.
Neuronal Growth-Associated Molecules, Cytoskeletal Molecules Regulations of growth-associated and/or cytoskeletal proteins are likely to be part of the molecular cascade that underlies structural changes (e.g. sprouting, arborization, and synaptogenesis) in intact brain areas after damage.
The growth-associated protein GAP-43 is a phosphoprotein of presynaptic membrane that is highly conserved during evolution. GAP-43 is an integral constituent of the growth cones and therefore believed to be associated with neuronal sprouting. Its induction has been proven in several lesion models. GAP-43 is, for example, induced in intact brain areas of ipsilesional hemisphere within 3 to 14 days after MCAO and in cingulate and entorhinal cortices of contralateral side in the same ischemic model (62) . An early increase of GAP-43 has been also reported in a model of global ischemia (63) .
The protein superior cervical ganglia-10 (SCG-10) also belongs to the group of growth-associated proteins. After unilateral cortex ablation, both messenger RNA and protein were increased at 3 days postlesion in the homotopic area of the contralateral cortex. In contrast, GAP-43 remained unchanged in same area (64) .
Microtubuli-associated protein 2 (MAP-2) and α-tubulin are cytoskeletal proteins that are also considered as growth-associated molecules. MAP-2 is elevated by day 2 to at least day 28 in intact peri-ischemic areas after MCAO (65) . On the other hand, α-tubulin mRNA increases in hippocampal neurons by 6 days up to 30 days after a lesion in entorhinal cortex (66) .
Apolipoproteins are assumed to play a role in redistributing lipid material from lipid debris of injury site to sprouting fibers to promote neurite extension. Focal ischemia induces the expression of apolipoprotein E (apoE) at translational level by day 7 at site of lesion in mice brain (67) . Increased apoD mRNA and protein levels were seen in the cortex and hippocampus ipsilesionally from 48 h to 14 days after unilateral cortical impact injury (68) . A lesion in the entorhinal cortex is also followed by an enhancement of apoD message in the ipsilesional hippocampus by day 4 postlesion up to at least day 14 (69) . In the same study, apoE mRNA showed a late enhancement by day 6 after an initial decrease up to 4 days postlesion. And finally, a circumscribed ischemic lesion of rat cortex induces the transcript of apoD contralesionally (18) . While apolipoprotein E (as a protein with an important role in cholesterol transport, uptake, and redistribution within central nervous system) is believed to be involved in maintaining the integrity of the synaptodendritic complex after injury (70), the postlesional role of apoD remains elusive.
Synapse-Related Molecules
Increased synaptophysin immunoreactivity has been observed in the intact ipsilateral as well as contralateral cortical areas after focal ischemia induced by MCAO at postlesion day 14 up to day 60 (62) . Synapsin-I, a member of small synaptic vesicle proteins, shows strongly enhanced immunoreactivity in the hilus of the dentate gyrus and in the mossy fiber layer of hippocampus at 2 days to at least 7 days after transient global ischemia (71) . Synaptosomal-associated protein (SNAP-25), also involved in neurotransmitter exocytosis, is upregulated in CA2 and CA3 pyramidal cell layers as well as the dentate gyrus by 6 days after a lesion in the entorhinal cortex (72) .
Postlesional regulation of these and other synapse proteins probably mediates either a functional adaption of neurons through modulating the efficiency of neurotransmitter release from pre-existing presynaptic nerve terminals or structural remodeling in terms of increased numbers of nerve terminals.
Adhesion Molecules
Adhesion molecules play a crucial role in molecular mechanisms of contact between cells and surrounding extracellular matrix. Their spatial and temporal rearrangement is necessary for regrowth and remodeling of neuronal circuits.
Polysialylated neuronal cell adhesion molecule (PSA-NCAM) has a well-documented role in regenerative growth after injury in adult brain. While its expression in normal mature brain is mainly restricted to the neurons in the subventricular zone, after MCAO it can also be immunohistochemically detected in the neurons of the cortex and caudate (3 h to at least 3 days postlesion) (73) . Additionally, the subependymal cells show increased immunoreactivity for this protein after such lesion (74). As mentioned above, these progenitor cells are believed to contribute to postlesional neurogenesis in adult brain. Finally, an elevation of PSA-NCAM is also reported after global ischemia in the hippocampal neuronal at about 2 days postlesion and in glial cells up to approximately 1 month (75) .
L1, another cell adhesion molecule has been also shown to be upregulated (after an initial decrease) in the hippocampus following ipsilateral entorhinal lesion by 30 days (76) .
F3, a neuron-specific adhesion protein, is enhanced in hippocampus (CA1 area) from 3 to at least 5 wk after global ischemia (77) . Further, we could find an increase of messenger RNA of this molecule in the contralesional cortex 10 days after a circumscribed ischemic lesion (18) .
The extracellular matrix protein tenascin-C can be detected only at very low levels in the adult nervous system. After entorhinal lesion an upregulation of this protein can be detected in the fascia dentata with a peak at 10 days postlesion (78).
General Remarks
There are 2 major categories of molecules that have been found to be involved in remodeling processes in the brain after damage. First, regulatory genes/proteins with multifaceted effects that mediate/modulate a variety of molecular pathways, such as IEGs/transcription factors, kinase network proteins, growth factors and neurotransmitter receptors. Second, structural proteins, such as adhesion molecules and compounds of synapses, growth cones, and cytoskeleton.
Although contralateral structural changes apparently do occur in brain after damage (see structural events), relatively few molecules have been found to be regulated contralesionally. High throughput expression analysis methods may enhance the chance of detecting contralesionally regulated molecules by monitoring a large number of genes. So far there are only 4 studies on postlesional expression patterns of brain using micro-/ macroarray technology (18, 21, 79, 80) , but only in 1 study (18) was the contralateral brain examined. In this study, among 28 postlesionally altered genes only 3 were regulated parallel in both hemispheres, suggesting that the expression pattern of contralateral cortex differs substantially from that of the ipsilateral side.
It is important to keep in mind that some of these molecular changes (as discussed for the structural alterations) may be influenced by behavioral demand (e.g. disuse or overuse of a forelimb) rather than being the immediate consequence of the lesion per se.
Since most of the molecules discussed here have a well-documented role in learning processes or in plastic changes that occur in a use-dependent manner or following exposure to stimulating environments (Table) , it is intriguing to consider that many of the basic mechanisms involved in lesion-induced plasticity are much the same as those involved in experience-induced alterations in the non-injured brain. This is not surprising. After all, the brain is conservative and probably has a finite repertoire of molecular changes gained during the evolution with which it can adapt itself to new circumstances.
Conclusions
Recent years have witnessed a tightening of links between functional, structural, and molecular changes occurring in the brain after injury. Rearrangements of neurotransmitter receptors, changes in synaptic compartments, and alterations in structure proteins are likely to be the molecular substrates for reorganizing processes, such as displacement/enlargement of cortical maps, enhancement of dendritic arbors, or synaptogenesis. However, the complexity of the interplay between these molecules is still formidable and we have only begun to explore it. Our knowledge about types, timing, and location of these molecules is as yet rudimentary. Many gaps in the cascade of involved signal transduction pathways have to be closed, and the essential question as to what extent these changes are functionally meaningful and beneficial remains largely unanswered.
A more comprehensive understanding of lesion-induced plasticity may not only provide a basis for new therapeutic strategies, but could also reveal the parallels with other forms of brain plasticity, including those occurring during neurodevelopment or in learning and memory processes.
